The vibrational relaxation and ISC times exhibit a pronounced solvent dependence. We also extract from the TA measurements the spectral distribution of the wave packet at a given delay time, which reflects the distribution of Pt-Pt bond distances as a function of time, i.e., the structural dynamics of the system. We clearly establish the vibrational relaxation and coherence decay processes, and we demonstrate that PtPOP represents a clear example of a harmonic oscillator that does not comply with the optical Bloch description due to very efficient coherence transfer between vibronic levels. We conclude that a direct Pt-solvent energy dissipation channel accounts for the vibrational cooling in the singlet state. ISC from the 1 A 2u to the 3 A 2u state is induced by spin-vibronic coupling with a higher-lying triplet state and/or (transient) symmetry breaking in the 1 A 2u excited state. The particular structure, energetics, and symmetry of the molecule play a decisive role in determining the relatively slow rate of ISC, despite the large spin-orbit coupling strength of the Pt atoms.
Introduction

Binuclear d
8 -d 8 molecular complexes of rhodium, iridium, and platinum bridged by various ligands have been extensively studied due to their interesting photochemical and photophysical properties arising from the lowest singlet and triplet 1,3 A 2u (dσ*fpσ) excited states.
1-4 Based on the promotion of an electron from the antibonding dσ* orbital (d z 2 -derived, z-axis along Pt-Pt) into the bonding pσ orbital (p z -derived), the structural distortion characterizing the 1,3 A 2u states mainly involves a contraction of the metal-metal bond 5-7 with a concomitant increase of the symmetric metal-metal stretch vibrational frequency.
8-10
Controlling the properties and behavior of these highly reactive excited states requires knowledge about the character and dynamics of the precursor states from which they are populated, 11 but so far only a few studies have investigated excited-state decay processes in d 8 -d 8 systems using steadystate 12 or time-resolved emission spectroscopy. 13 Ultrafast spectroscopic methods are needed to unravel the various steps of the dynamics such as (coherent) vibrational dynamics, intramolecular energy redistribution, vibrational cooling, and intersystem crossing (ISC) and the way they are affected by the environment, as the latter can be used to tune the excitedstate properties.
Here we focus on the diplatinum(II) molecule [Pt 2 -(P 2 O 5 H 2 ) 4 ] 4-(abbreviated PtPOP, see Figure 1 ), which is one of the most widely studied photochemical reactivity.
1 The UV-visible absorption spectrum of PtPOP is characterized by a strong, narrow band around 370 nm due to absorption into the 1 A 2u (d-σ*fpσ) state and a weak band around 460 nm assigned to the corresponding triplet 3 A 2u state. Franck-Condon analyses of the low-temperature vibronic progressions of these absorption bands and their corresponding fluorescence and phosphorescence spectra (around 400 and 520 nm, respectively, see Figure 1 ) have demonstrated that they are dominated by the Pt-Pt stretch vibration, with a vibrational frequency of ∼150 cm -1 for the singlet and triplet absorption bands and ∼118 cm -1 for the emission bands.
8-10,14
The mechanism of ISC, i.e., the nonradiative relaxation from the 1 A 2u to the 3 A 2u state, in binuclear d 8 -d 8 complexes is still a subject of debate. 15, 13 In PtPOP, the formation of the triplet state from the singlet occurs with unity quantum yield 8 on a picosecond time scale.
10,13 Direct spin-orbit coupling between these states is, however, symmetry forbidden. In addition, their potential curves are vertically parallel 10 ( Figure 1 ) and separated by a large energy gap, while no intermediate state is known to lie between them.
5,15 A higher-lying 3 B 2u triplet state has been invoked as a thermally activated channel for ISC in both PtPOP 13 and Rh 2 b 4 2+ (b ) bridging ligand) 12 complexes in order to explain the temperature dependence of the ISC rate.
In this paper we combine femtosecond polychromatic fluorescence up-conversion with femtosecond broadband transient absorption (TA) spectroscopy in order to elucidate the details of the early-time relaxation processes in the PtPOP anion, which have yet remained unresolved. This broadband experimental approach, in combination with the analysis of the transient spectra using singular value decomposition (SVD) and global fitting, allows us to unravel the details of the relaxation cascade during the first tens of picoseconds after excitation. We also report on the observation of a vibrational wave packet evolving in the singlet-state potential. By means of spectrally and temporally resolving the stimulated emission, we fully map out the wave packet motion along the Pt-Pt coordinate. Finally, we propose a simple relaxation model that could be applicable to the whole class of binuclear d 8 -d 8 complexes, unifying the experimental observations of wave packet dynamics, vibrational relaxation, and ISC and their dependences on the excitation wavelength and the solvent. This work should also be cast in the context of our previous static and picosecond-resolved X-ray absorption studies of the geometric and electronic structures of the singlet ground 16 and excited 6,17 triplet states of the complex in solution. The present study addresses the electronic and structural relaxation dynamics at ultrashort time scales, which are so far not routinely accessible by X-ray techniques, and delivers insight into the important role of the environment in affecting them.
The experimental setup and details about the analysis are presented in the Supporting Information.
Results and Analysis
Femtosecond Polychromatic Fluorescence
Up-Conversion. Figure 2a shows a typical two-dimensional (2D) timewavelength plot of the time-resolved fluorescence spectrum obtained upon excitation of aqueous PtPOP at 380 nm. Due to excessive scatter from the excitation beam, only the red part >400 nm of the fluorescence band could be detected (see (14) Supporting Information, section S1.1). Cuts at fixed emission wavelengths provide kinetic traces, shown in Figures 2b and S1. The emission in the 400 nm region is due to fluorescence from the initially excited 1 A 2u state. 13 At least two kinetic components are contained in the data, and the emission shows clear modulations at early times (see insets) due to vibrational coherences (wave packets) in the 1 A 2u state potential. The traces of Figures 2b and S1 were globally fitted to a sum of two exponential decay components convoluted with the experimental response function (190 fs fwhm) and an oscillatory component multiplied by an exponential decay representing the wave packet oscillation and coherence decay, respectively (see eq S5 in the Supporting Information). The best fit yields the kinetic time constants that are listed in Table 1 . Short (1.5-2 ps) and long (15-30 ps) components show up, which are solvent dependent, as is also the damping time of the oscillations. The long decay component can be identified as the rate of ISC, while the short one, manifested as a narrowing of the emission band, is attributed to vibrational cooling in the singlet 1 A 2u state. The oscillation period is 224 ( 1 fs (149 cm -1 , independent of the solvent), in good agreement with the excited 1 A 2u state Pt-Pt vibration frequency from steady-state absorption spectroscopy.
8,18
These results are complemented by detailed TA studies in a broader range of solvents. Figure 3a shows a representative set of timewavelength TA data upon excitation at 370 nm into the 1 A 2u (dσ*fpσ) band of PtPOP in ethylene glycol. All data have been corrected for group velocity dispersion as described in the Supporting Information (section S1.2).
Femtosecond Broadband Transient Absorption Spectroscopy.
The transient spectra contain four features: two excited-state absorptions (ESA, positive change in optical density, but plotted against the negative ordinate axis), the ground-state bleach (GSB, the dip at 370 nm is a pump artifact), and stimulated emission (SE, both negative change in optical density, but plotted against the positive ordinate axis). The latter two features overlap in the 370-400 nm region. The GSB remains unchanged up to the longest time delay of our experiment (1.6 ns), in agreement with the final excited state ( 3 A 2u ) lifetime of several microseconds.
8 Based on Figure 2a , the SE band around 400 nm is due to the 1 A 2u state. The ESA bands around 335 (ESA 1 ) and 460 nm (ESA 2 ) are present at all time delays but seem to red-shift on the time scale of several to tens of picoseconds. The evolution is more pronounced for ESA 2 than ESA 1 . Their large intensity indicates that they belong to allowed transitions from the 1 A 2u (at early times) and 3 A 2u (at late times) excited states (vide infra). Figure 3b shows a 3D zoom into the region of the SE band. It reveals a spectral substructure that initially decays in the very red wing while increasing closer to the center of the band around 400 nm. The central "hole" at early times is filled up on a time scale of ∼2 ps.
Cuts at fixed time delays deliver the corresponding transient spectra, which are shown in Figure 4a . The ESA around 335 nm could be assigned to the A 2u fA 1g (5dσ f 5dσ*) transition on the basis of the calculated 5dσ-5dσ* splitting of ∼4 eV. a τ 1 and τ 2 are vibrational relaxation times, τ C is the coherence decay time, τ 3 is the intersystem crossing time, and T 1 is the coherent oscillation period in the excited-state potential. The τ C times were obtained from a global analysis on a set of representative kinetic traces. time-wavelength-∆OD plot zoomed into the region of the SE band which partially overlaps with the GSB in the region <400 nm (same data as in a). One recognizes periodic intensity modulations and a spectral fine structure in the long-wavelength lobe of the SE band, indicated by dashed arrows and magnified in the upper-left inset. The "hole" in the GSB band is a pump artifact. ESA, excited-state absorption; GSB, ground-state bleach; SE, stimulated emission.
picoseconds, which are, based on the above fluorescence upconversion results, related to wave packet dynamics, vibrational cooling (in the 1 A 2u state), and ISC from the 1 A 2u state to the 3 A 2u state, respectively. The detailed analysis presented in the following sections allows us to quantify the time scales of these processes for various excitation wavelengths. In order to gain further insight into the mechanism of the relaxation processes, we measured TA spectra for samples of PtPOP dissolved in water, ethanol, and dimethylformamide (DMF). In addition, we will analyze the evolving spectral fine structure of the SE band seen in Figure  3b , which is identified as resulting from vibrational cooling and quantum mechanical interference in the vibrational coherent superposition state.
2.3. Spectro-Temporal Decomposition. In order to quantify and assign the kinetic and spectral components, we performed a singular value decomposition (SVD) analysis on the 2D data matrix (discussed in detail in the Supporting Information). The resulting kinetic amplitude vectors were globally fitted to a twostate kinetic model involving the lowest singlet and triplet A 2u states only, according to where ExpErf[B,t 0 ,τ,t] results from the convolution of an exponential function with a Gaussian function representing the instrumental response function (IRF) (see eq S3 in the Supporting Information for the mathematical definition), A i is the amplitude of the ith one-exponential decay with time constant τ i , B is the full width at half-maximum (fwhm) of the Gaussian IRF, and t 0 describes the time origin of the IRF (time zero). In the fits, the parameter B was fixed to 0.13 ps (see Supporting Information).
Two independent exponential decay components (time constants τ 1 and τ 2 ) describe the vibrational dynamics within the initially excited 1 A 2u state, while the relaxation from the 1 A 2u to the 3 A 2u excited state (i.e., ISC) is modeled by an exponential decay and rise with a single time constant (τ 3 ) but with different amplitudes (A 3 and A 4 , respectively). The A 4 term in eq 1 represents the arrival in the 3 A 2u state and its subsequent decay with a time constant of τ 4 ) 10 µs (not detectable on the maximum time scale of the experiment). The GSB feature in the spectrum is not explicitly included in the present model, but it appears naturally from the SVD as a spectral region with identical decay and rise amplitudes (see Figure 5 ).
The fit of the above-described model to the three largest kinetic amplitude vectors (see Supporting Information) delivered three time constants for PtPOP in ethylene glycol that are given in Table 1 . The 30.3 ps decay is in good agreement with the long decay component in the fluorescence up-conversion data belonging to ISC from the 1 A 2u state to the 3 A 2u state, while the fast 260 fs and 2.1 ps (∼2 ps in fluorescence up-conversion) decays represent vibrational dynamics and relaxation in the singlet state.
19 Figure 5 shows the decay-associated difference spectra (DADS) reflecting the relative spectral contributions of each time component (see eq S4 in the Supporting Information). DADS 3 , associated with the departure from the 1 A 2u state, exhibits the characteristic SE band around 400 nm, which is absent in the DADS 4 spectrum belonging to the 3 A 2u state. The ESA centered at 460 nm (ESA 2 ) is slightly shifted and broadened in the 3 A 2u state compared to the 1 A 2u state, but overall the ESA spectra of the two states look very similar. DADS 2 reflects the vibrational cooling in the 1 A 2u state. Its decay with a time constant of 2.1 ps causes a narrowing of the singlet state SE band (vide infra, also seen in Figure 2a ) and a red shift of the ESA 2 absorption. The amplitude of the τ 1 component is small, but its inclusion in the kinetic model has been found to considerably improve the fit of the short-time dynamics in the SVD kinetic amplitude vectors. This component is longer than the cross-phase modulation artifact around time zero (see Supporting Information for details).
(19) It is noted that it was not necessary to include the fast component in the fit model of the fluorescence up-conversion data. However, due to the limited data quality and the small spectral range of detection, the observation of this fluorescent component could well be obscured. 
Figure 5. Decay-associated difference spectra (DADS) extracted from the TA data after SVD/global fit analysis using eq 1. The gray area indicates the GSB region.
After having quantified the kinetic decay components, we now turn to the analysis of the vibrational coherences. Figure 6 shows the linear combination of the fourth and fifth largest time profiles from the SVD analysis scaled by their respective singular values (see Figure S2 , Supporting Information). These vectors contain most of the oscillatory features in the TA spectrum and can therefore be used to determine the characteristic time constants of the wave packet dynamics, independent of the kinetic processes analyzed above. The coherent modulations strikingly persist for more than 5.5 ps after excitation (∼25 oscillations). The oscillatory trace of Figure 6 was fitted to a superposition of two cosine functions with different amplitudes (A 1 , A 2 ), phases (φ 1 , φ 2 ), and periods (T 1 , T 2 ), multiplied by an exponential decay function with time constant τ C being a quantitative measure for the coherence decay time of the wave packet dynamics, according to An excellent fit is achieved for T 1 ) 224.0 ( 0.1 fs, T 2 ) 281 ( 1 fs, and τ C ) 2.16 ( 0.05 ps (the fit region started around 300 fs to avoid the coherent artifact around time zero). The T 1 ) 224 fs component is identified as the Pt-Pt stretch vibration in the 1 A 2u excited state and is in very good agreement with the fluorescence up-conversion data. The superimposed 280 fs oscillation, causing the beat pattern in Figure 6 , is due to coherent vibrational Pt-Pt stretch oscillations in the groundstate (GS) potential that are excited via a resonant impulsive Raman-type process (resonant impulsive stimulated Raman scattering, RISRS). 20 It is noted that the excited-state coherent oscillations are exceptionally harmonic and the coherence decay can be perfectly fit by a purely exponential decay function.
We also performed a global analysis of the TA spectra without prior decomposition of the data. A representative set of kinetic traces at fixed wavelengths were globally fitted to a function which is the sum of the population kinetics (eq 1) and the wave packet oscillations (eq 2, without the second cosine because its contribution was too weak) as employed in the SVD analysis. The global analysis result presented in Figure 7 shows a good match with the experimental traces over the whole spectrotemporal range, and the fit parameter values (see the Supporting Information for details) are in good agreement with the parameters from the SVD analysis. Characteristic of a wave packet oscillating between the classical turning point of the potential, the modulations exhibit a phase shift of approximately π between the red and blue sides of the stimulated emission band, as is clearly visible for the traces at 407 and 380 nm in Figure 7a .
Transient absorption data sets were measured for different excitation wavelengths (360, 370, and 380 nm) within the 1 A 2u -state absorption band. SVD/GF and global analyses were performed on them in order to extract and compare the quantitative kinetic components (see Supporting Information,  Tables S1, S2 and Figures S4, S5 , for details). Time constant τ 3 , assigned to the ISC rate, was found to be independent of the excitation wavelength (within the measurement uncertainty). The rate of vibrational cooling (τ 2 ), however, changes by almost 40% for excitation between 360 and 380 nm (Table S1 ). The τ 1 time constant could not be determined with sufficient accuracy for the off-resonance excitation wavelengths. For the sake of comparison, it was fixed to 0.2 ps. A very small lengthening of the wave packet period on the order of 1 fs (or, equivalently, ∼1 cm -1 ) with increasing excitation energy is obtained from the analysis (see Table S2 ), which can be understood as resulting from a slight anharmonicity of the potential toward longer Pt-Pt bond lengths, showing that the 1 A 2u state potential is largely harmonic.
Solvent Effect on the Relaxation Processes.
The results from the SVD/GF analysis of the TA data sets in the different solvents for excitation at 370 nm are given in Table 1 ( pronounced dependence on the solvent following a similar decreasing trend: ethylene glycol > ethanol > water > DMF. Especially, the ISC rate changes by almost a factor of 3 between ethylene glycol and DMF. For all solvents, coherence decay occurs on the same time scale as vibrational cooling.
2.5. Singlet-State Vibrational Wave Packet Dynamics. Cuts at fixed time delays of the multicolour SE signal provide snapshots of the spectral distribution of the wave packet, as shown in Figure 8a . This is, to our knowledge, the first example where the distribution of the wave packet is spectrally visualized between the turning points of the potential on which it evolves. Given that the emission wavelengths are directly related to the difference potentials at specific internuclear distances, the upper axis in Figure 8a is obtained by mapping the energy difference between the displaced 1 A 2u and 1 A 1g potential curves (i.e., the emission energy) on the Pt-Pt bond length axis. In fact, the SE intensity is directly related to the wave packet probability density via the Franck-Condon factors connecting the ground and excited states (see eq S10 in the Supporting Information). By spectrally resolving the SE spectrum, we thus mapped out the spatial distribution of the wave packet along the full Pt-Pt distortion coordinate ranging from 2.91 (ground-state Pt-Pt bond length) to ∼2.55 Å (at the excited-state far turning point).
In Figure 8a , we see that, after half an oscillation, the distribution is peaked at the outer turning point, while at a full oscillation period (220 fs), it is peaked at the inner turning point. At an intermediate time (165 fs) corresponding to 3/4 period, the distribution is nearly uniform over the whole range of distances. This is confirmed by numerical simulations of the characteristic time-resolved shapes of the SE band centered around 400 nm (Figure 3 , details are given in the Supporting Information), where we assume that the excited-state distortion and the vibration involve only the Pt-Pt atoms (no ligand contribution), and we used the ground and excited vibrational frequencies derived here. The shape of the fluorescence spectrum and its Stokes shift are then determined by the zero-phonon energy and the difference in equilibrium Pt-Pt bond lengths. These two parameters were "fitted" to 25 900 cm -1 (386 nm) and 0.194 Å, respectively. The qualitative agreement between experimental and theoretical SE spectra is shown in Figure 8a for different delay times (the scaled static absorption spectrum was subtracted from the experimental SE data to correct for the partially overlapping GSB).
Due to the rather small excitation spectral width (mapping ∼3 vibrational levels) and the difference in vibrational frequency between the ground state and the excited state, the extent of the wave packet undergoes a broadening for t ) T/4 and t ) 3T/4 and refocusing at the classical turning points for t ) T/2 and t ) T. This behavior of the wave packet is well documented in the literature. [21] [22] [23] The novelty here is the broadband detection, which allows us to spectrally resolve the fine-structured quantum interference fringes corresponding to the nodes of the excited-state vibrational wave function, e.g., occurring at ca. 410, 403, 395, 387, and 377 nm (see also Figure  3b ). 24 The PtPOP molecule thus appears as an ideal harmonic oscillator for the study of environment effects on the vibrational cooling. Figure 8b shows the simulation of the SE spectrum at the times when the wave packet passes the middle of the potential for different average vibrational quantum numbers (see Supporting Information for details). Immediately after excitation at 370 nm, the wave packet has an average energy corresponding to ∼7.5 vibrational quanta (i.e., ν ave ) 7.5 × 150 cm ), relative to the bottom of the potential (ν ) 0).
The process of vibrational cooling is simulated by shifting the wave packet population distribution to lower average vibrational levels. Coherence decay of the wave packet is not included in this simple model; the simulations should therefore only be interpreted qualitatively. From Figure 8b it is seen that the energy dissipation results in a narrowing of the spectrum accompanied by an increase of the intensity in the middle of the band, which matches the behavior observed in Figures 5 (DAS 2 ) and 3b. Finally, the wave packet damps out to a relaxed state given by the Maxwell-Boltzmann distribution, whose spectrum is also shown in Figure 8b . Energy dissipation causes the intensity to decrease monotonically in the wings of the spectrum, while increasing in the middle of the band nonexponentially as a function of the average energy (almost no increase until ν ave ) 3.5, large increase from ν ave ) 3.5 to ν ave ) 0.5). This behavior is also observed experimentally, as shown in Figure 8c . The time trace at 398 nm exhibits a plateau during the first picosecond before it gradually starts to increase, while the trace at 417 nm decays monotonically. Due to this nonexponential behavior, it should be kept in mind that the exponential kinetic model for vibrational relaxation employed in the fitting analyses is a simplification of the real dynamics. Interestingly, the deep modulations of the 417 nm trace in Figure  8c illustrate the strong localization of the wave packet at the classical turning points of the 1 A 2u potential.
Discussion
Vibrational Population Relaxation in the Singlet
State. The above results have shown that there are two kinetics components associated with vibrational energy relaxation in the 1 A 2u excited state. The first component, τ 1 = 260 fs, is slightly longer than the round-trip time of an oscillation in the singlet state. The best agreement between experimental and calculated SE spectra during the first oscillation period after excitation (shown in Figure 8a ) was achieved for an average vibrational quantum number of 6, while excitation mainly populates vibrational levels 7 and 8 at t ) 0. The 260 fs decay component thus involves the dissipation of 1-2 vibrational quanta. This fast population decay component can have different origins. First, it could correspond to the short transient time for which the population relaxation rates of the different levels are not yet fully in phase. 25 In contrast to the decay of the system as a whole, the population decay of individual levels is generally nonexponential. In ref 26 , it is shown that the decay of the highest levels exhibits a fast component comparable to the period of the vibration, similar to the present case. Second, the fast component resembles the case of wave packet dynamics of excited diatomic halogen molecules in rare gas matrices. Schwentner, Apkarian, and co-workers 27, 28 showed that the impulsive bond elongation in the upper (dissociative) part of the potential resulted in a large dissipation of energy (up to 10 quanta of the intramolecular vibration frequency) due to interaction of the halogen atoms with the matrix cage atoms. The coherence was preserved in this process due to the hard collision of the molecule with the matrix cage in a short interaction time. In the PtPOP case the bond length impulsively shortens. There is less possibility to interact with the solvent for the contracted configuration. However, one could imagine that, during the first contraction, and as a result of the change of electronic structure of the solute, the solvent molecules start to rearrange, leading to an increased solute-solvent interaction with a net transfer of energy to the solvent upon the subsequent elongation, leaving the Pt atoms vibrating with a reduced amplitude and energy but still in a coherent (wave packet) fashion. Compared to the large elongation event near the dissociation limit for dihalogens, the energy dissipated is much more modest here, because the elongation is not of large amplitude and it stays confined within the "cage" of the bridging ligands.
The second slower kinetics component, τ 2 = 2 ps, associated with vibrational cooling, is very sensitive to both excitation wavelength and solvent (Table 1 ). An estimate of the population lifetime of a single vibronic level can be directly derived from the experimentally determined vibrational cooling time under the assumption that the depopulation rate is independent of the vibrational quantum number ν. 25 After the aforementioned short transient time, we assume that the depopulation rate is constant for all subsequent vibronic levels until the population reaches the bottom of the potential. The population lifetime is derived by dividing the cooling time τ 2 = 2 ps (corresponding to the time in which the energy is dissipated to 1/e ) 36% of the initial value, i.e., from ν = 6 to ν = 2) by the number of vibrational quanta that are dissipated, i.e., ∆ν = 4. This results in the population lifetime of ∼500 fs for a single vibronic level, which raises the question of how the energy is dissipated, and to where?
For large molecules, one generally distinguishes two main channels of vibrational energy dissipation, which usually follow each other in sequence: (1) intramolecular vibrational energy redistribution (IVR) with transfer of energy from the FC-active mode to "dark" vibrational modes of lower energy reaching quasi-thermal equilibrium, 29 and (2) external vibrational relaxation (EVR), during which the excess vibrational energy is dissipated into the solvent. 30 In organic molecules of appreciable size (>30 atoms), IVR is typically very fast (<100 fs) due to the large density of vibrational states and high-frequency modes that exhibit anharmonicity already for low vibrational quantum numbers. [31] [32] [33] In the case of PtPOP, however, no vibrational modes of lower energy than the FC-active Pt-Pt stretch mode (150 cm -1 ) have been reported. 34, 35 A 40 cm -1 sideband was superimposed on the Pt-Pt vibronic progression in lowtemperature single-crystal spectroscopic studies, but the assignment of this feature as being due to an intramolecular FC-active mode or a phonon mode of the crystal lattice was ambiguous.
18,36
Given the large mass of the Pt atoms and the fact that the Pt-ligand coordination bonds are the weakest in the molecule, we can confidently say that the Pt-Pt stretch is indeed the lowest-frequency mode in PtPOP. IVR is thus excluded, and consequently, vibrational energy dissipation mainly occurs directly to the solvent.
One can imagine two possible types of solute-solvent interactions mediating the energy flow: (1) interaction between the solvent and the Pt atoms along the open axial coordination sites, which should be enhanced in the 1,3 A 2u (dσ*-pσ) excited states due to their radical character, and (2) interaction of the negatively charged ligand P-O-H/P-O groups with polar moieties (e.g., O-H groups) of the solvent molecules. For the above reasons, the first mechanism, involving a direct Pt-solvent interaction, is expected to play a major role in the vibrational relaxation. Indeed, the Pt-Pt stretch energy of 150 cm -1 lies in the spectral region dominated by translational and librational modes of the solvent (and solute) molecules, 37 thus providing resonance modes in the solvent. However, in addition to providing resonance modes, a mechanism is necessary to couple the molecular oscillator to the bath of solvent modes.
The vibrational decay rates (Table 1) can be divided into two groups: ethanol and ethylene glycol with τ 2 > 2 ps, and water and DMF with τ 2 < 1.5 ps. The question is what microscopic mechanism lies behind this solvent effect; i.e., what determines the ability of the solvent to accept the vibrational energy from the excited Pt-Pt mode? At this stage, in the absence of a detailed microscopic model, we can relate the observed trend to specific solvent properties. One such property is the solvent polarity, which follows the decreasing trend in vibrational relaxation rates: water > DMF > ethylene glycol > ethanol. In addition, the ability of the solvent to interact with the Pt atoms could play a role in energy transfer. Indeed, the 3 A 2u state of PtPOP has been shown to abstract hydrogen atoms from H-atom donors, 1 e.g., in the photocatalytic conversion of isopropanol into acetone. One can then imagine an interaction of the hydrogen atoms in the solvent (O-H in water, ethanol, and ethylene glycol; C-H in DMF) with the Pt atoms. In this respect, water and DMF might be better candidates than alcohols, in that they exhibit a larger number of hydrogen atoms that can participate in the Pt-H interaction (the methyl hydrogens in DMF have been shown to be better donors than the formyl one 38 ). Last, the bulkiness of the solvent molecules and the possibility to interact with the polar ligand phosphite groups can play a role in the strength of the coupling. It should be noted that the nature of the solute-solvent interaction is likely to be a transient rather than a static solvent coordination. The latter would lead to a pronounced solvatochromic shift of the steady-state absorption and emission spectra which is not observed experimentally. 10 The differences in the vibrational cooling rate as a function of the excitation wavelength are attributed to the different amounts of excess vibrational energy that have to be dissipated to the solvent. Because the Pt-solvent interaction can only occur along the Pt-Pt axis (at maximum two solvent molecules coordinate at a certain time), a saturation behavior might arise for large vibrational energies, leading to an increased relaxation time for higher excitation energies, in complete accordance with the present results. This saturation effect of vibrational cooling emphasizes that the solvent does not just act as an infinite sink for excess energy, but it actually interacts with the solute in a specific way, such that the energy can be funneled only via a limited number of solute-solvent modes.
In summary, we conclude that the main vibrational energy dissipation channel involves direct solute-solvent interaction along the axial coordination sites of the Pt atoms, possibly via Pt-H interaction. Although the ligand phosphite groups do not directly funnel vibrational energy from the Pt-Pt mode to the solvent (by means of IVR), they may not just be spectators in this picture. The P-O/P-O-H groups should play a distinct role in the formation of the hydrogen-bonded solute-solvent network and thus the overall intermolecular interaction.
3.2. Vibrational Wave Packet Dynamics. Remarkable in the process of vibrational relaxation in PtPOP is the exceptional harmonicity of the coherent Pt-Pt oscillation. Even for the highest excitation energies, the wave packet oscillation frequency hardly deviates from the low-energy ones, pointing to a harmonic 1 A 2u potential energy surface over a range of more than 2000 cm -1 (ca. 14 vibrational levels). In contrast to common electronic excitations that populate empty antibonding molecular orbitals, often leading to pronounced anharmonicity in the excited-state potential, the A 1g fA 2u (dσ*fpσ) excitation in bimetallic d 8 -d 8 complexes involves the formation of a new metal-metal bond in the excited state and thus a steeper vibrational potential compared to the ground state. Despite the rather large Pt-Pt contraction of 0.2-0.3 Å, the rigid, constraining P-O-P bridging ligands in PtPOP provide a force constant that is independent of the Pt-Pt displacement, giving rise to the highly harmonic vibrational dynamics. This is in contrast to the flexible bridging ligands in the bimetallic complex Rh 2 (dimen) 4 2+ (dimen )1,8-diisocyanomenthane), for which the excited-state potential surface has been proposed to be extremely anharmonic due to significant torsional ligand deformations.
9
The coherence persists for a remarkable long time of τ C = 2 ps, much longer than the depopulation time of ∼500 fs of the individual levels. This indicates that the mechanism for depopulation decay in PtPOP does not conform to the optical Bloch picture; 26 on the microscopic level, energy dissipation to the solvent occurs such that the coherence is preserved to a large extent. We believe that this behavior is due to the exceptional harmonicity of the Pt-Pt oscillator, and the fact that it is not entirely exposed to the surroundings, so that solute-solvent interaction can only occur along specific coordinates, most probably the Pt-Pt one. The harmonicity guarantees frequency matching between the vibronic levels, resulting in very efficient coherence transfer between vibronic levels. 26 The cage-like structure of the molecule protects the oscillator from the stochastically fluctuating solvent, also reducing pure dephasing. This behavior shows close resemblance to the vibrational relaxation of dihalogens in rare gas matrices. 39, 40 In those cases, transfer of coherence by collisional interaction of the oscillator with the matrix also provided an unusual relation between population and coherence decay times, with a coherence decay time much longer than the population relaxation time of the initially excited levels. 40 It should be noted that the wave packet simulations performed in this study showed the best correspondence with the experiment for a Pt-Pt contraction of ∼0.2 Å. This is in satisfying agreement with previous (low-temperature) optical measure- ). Although the uncertainties of all derived values are rather large, there is a systematic discrepancy between the values derived by optical and X-ray methods, while the inclusion of small additional distortions, e.g., along Pt-ligand, could change the derived value for the Pt-Pt contraction in the optical analysis. In the above discussion we argued that a Pt-solvent interaction is likely to occur in the excited state. The X-ray diffraction measurements were done with crystalline samples; therefore, care should be taken when comparing with the solution work. The X-ray absorption measurements were performed in solution, but solvent molecules close to the axial Pt coordination sites were not included in the modeling of the signal. For the solution-phase X-ray scattering measurements, the static solute-solvent cross-terms were included in the signal modeling, but their photoinduced changes, e.g., an increased Pt-solvent interaction in the excited state, are not taken into account. , corresponding to fully allowed dipole transitions. 46 One of the reason for this lower singlet absorption lies in the very large spin-orbit (SO) coupling constant of 5d (Pt   II   ) electrons (4000 cm -1 ), 47 which mixes singlet and triplet states, also leading to a weak absorption for the latter. The same can be found in Fe-and Ru-trisbipyridine complexes. 31, 32 In spite of this large SO coupling, the ISC rate in PtPOP is rather slow (tens of picoseconds), while for other molecules such as Fe, Ru, Os and Re polypyridine complexes, 31, 32, 48, 49 Cr acetylacetones, 49 and Fe porphyrins 50 the ISC times are <200 fs typically, even though the metal atoms in these complexes have smaller or comparable SO coupling constants. On the other hand, ISC in mono-Pt(II) acetylides has been shown to occur on ultrafast (<100 fs) time scales. 51 The above indicates that the ISC rate in metal complexes is not just governed by the SO coupling strengths of the atoms. This was striking in the case of halogenated Re-carbonyl complexes, for which the ISC rate was found to decrease in the sequence Cl-Br-I. 48 Instead, other factors (structure, energetics, symmetry, etc.) contribute to tuning the ISC rate in transition metal complexes. In the case of dimeric d 8 -d 8 complexes, the metal-metal interaction largely stabilizes the 1,3 A 2u (dσ*fpσ) states compared to the corresponding d z fp z states in monomeric complexes. As a consequence, the 1,3 A 2u states in PtPOP are the lowest-lying singlet and triplet states. Furthermore, there is a large energy gap between the 1,3 A 2u states and higher-lying singlet and triplet states. This energetic isolation of the 1,3 A 2u states makes them electronically (except for the spin flip) and geometrically almost identical, which is corroborated by the similar shapes of their steady-state absorption and emission spectra at low temperature 10 and, as shown here, the very similar ESA spectra (see Figure 5) . The Franck-Condon (FC) overlap factors between the singlet-and triplet-state potential curves are therefore very small, and a direct spin-orbit interaction between 1 A 2u and 3 A 2u is symmetry forbidden (in D 4h ). Furthermore, they are separated by a large energy gap. This is different from other metal complexes with ultrafast ISC rates, which often exhibit close-lying singlet and triplet states. 31, 48 The question remains, however, what is in fact the mechanism of ISC?
In answering this question, we have to take into account the following experimental findings: (a) The overall dynamics of our broadband TA spectra can be satisfactorily fitted with a twostate model involving direct interconversion from the 1 A 2u state to the 3 A 2u state (Figures 5 and 7 ). There is no evidence for the population of a third excited state. (b) The wave packet dynamics are extremely harmonic with a rather long coherence decay time, pointing to a largely unperturbed singlet-state potential ( Figure 6 ). Therefore, coupling does not occur along the Pt-Pt coordinate, and we can exclude strong coupling between the Pt-Pt coordinate and other intramolecular modes. (c) The ISC rate is strongly solvent-dependent (Table 1) . (d) The ISC rate follows an Arrhenius-type dependence, as shown by Midler and Brunschwig, 13 who suggested that ISC takes place via two channels: temperature-independent and temperaturedependent ones, which are the dominating channels at low and high temperatures, respectively. At room temperature the latter is ∼18 faster than the temperature-independent channel. Because our measurements were performed at room temperature, in the following we discuss only this regime of ISC.
The above results can be reconciled within various models of ISC listed below:
(1 The symmetry breaking could be induced by the solvent interacting with the radical Pt dσ* orbital at the open axial coordination sites (the solvent-induced change in angular momentum is accompanied by a spin flip of the electron residing in the dσ* orbital). Alternatively, the D 4h structure could be in equilibrium with a conformation of lower symmetry lying slightly higher in energy, for which ISC is enhanced. This model would rationalize both the experimentally observed solvent and temperature effects, the former through the solvent-dependent stabilization energies of the lower-symmetry conformation, the latter via a thermal activation barrier between the two conformations. Indeed, isomeric structures of different symmetry and energy have been calculated for PtPOP. 35 The isomeric conformers differ in the hydrogen-bonding motif (eclipsed vs staggered) and Pt-P-O-P dihedral angle; the highest-symmetry (eclipsed) structure lies 0.8 kcal/mol lower in energy than the lower-symmetry (staggered) one.
(3) ISC occurs via the thermal population of a higher-lying triplet state. This mechanism has been proposed by Midler and Brunschwig. 13 They invoke a ligand-field 3 B 2u (dσ*fd x 2 -y 2 *) state that vibronically couples with the 1 A 2u state along the Pt-ligand coordinate. The solvent effect on the ISC rate is assigned to the different stabilization energies of the 3 B 2u state; decreasing solvent polarity lowers the activation barrier by stabilizing the 3 B 2u state, resulting in an increased ISC rate. This is exactly the opposite of what is observed in the present study. In addition, the population of the 3 B 2u state is spin forbidden. For this model, we would therefore propose the 3 E u (p x,y (P)f6p z (Pt)) state as a possible thermally activated and SOallowed pathway. It is noted that this model is not in contradiction with the fact that we found a good fit of the data to a twostate relaxation model. If the 3 E u state relaxes to the 3 A 2u state on the time scale of hundreds of femtoseconds (or faster), the transient population of this state would be too low to be experimentally detected. This model implies a strong perturbation of the potential along the distortion coordinate (depending on the nature of the 3 E u state). Such a perturbation is likely to influence the vibrational dynamics along the Pt-Pt coordinate via mode coupling and anharmonicity (manifested in a frequency chirp). This is clearly not the case here; the highly harmonic wave packet dynamics is a result of a largely unperturbed potential energy surface.
In summary, we conclude that the first two models or a combination of both are the most likely mechanisms of ISC in PtPOP. The occurrence of non-totally symmetric modes of e g symmetry could be confirmed by ultrafast X-ray absorption spectroscopy studies 53 detecting the transiently distorted geometries.
Conclusions
Femtosecond fluorescence up-conversion and femtosecond broadband TA measurements, combined with SVD and global fit analysis techniques, have allowed us to identify wave packet dynamics in the 1 A 2u state potential with a period of 224 fs, coherence decay and concomitant vibrational cooling in 1-2 ps in the 1 A 2u state potential, and ISC on the time scale of 10-30 ps. The latter two processes show a pronounced solvent dependence. The complete scenario of the excited-state dynamics and relaxation is schematically presented in Figure 9 . The extreme harmonicity of the Pt-Pt wave packet dynamics indicates an unperturbed 1 A 2u state potential energy surface. We find that vibrational relaxation involves energy dissipation to the solvent, likely involving Pt-H interactions along the open axial coordination sites. Due to the absence of vibrational modes with lower frequency than the Pt-Pt stretch, IVR is excluded in PtPOP. The highly harmonic wave packet dynamics independent of the excitation wavelength point to an exceptionally deep potential along the Pt-Pt coordinate. The vibrational depopulation time is as short as ∼500 fs; nevertheless, the vibrations remain coherent during the vibrational cooling time of ∼2 ps. We thus observe the fascinating process in which depopulation occurs without distorting the phases of the coherences; the standard relationship between phase and energy relaxation derived from the optical Bloch equations cannot be used in this case. Coherence transfer between the vibronic levels in the harmonic 1 A 2u potential is thus very efficient. The high harmonicity and the consequently long coherence decay time are identified as being due to the constraining P-O-P bridging ligands that protect the Pt-Pt oscillator from random solvent fluctuations.
The low ISC rate compared to other metal complexes with smaller SO coupling constants is attributed to the facts that (i) direct SO coupling between two relevant states (namely 1 A 2u and between singlet and triplet MLCT states. [54] [55] [56] Just as in the case of PtPOP, the lowest singlet and triplet potential curves in these complexes are parallel (identical geometry), and direct SO interaction between them is forbidden. DFT calculations have shown that structural distortions in the singlet MLCT state cause large energy splitting between HOMO and HOMO-1, preventing a very fast ISC induced by strong spin-orbit interactions between these orbitals, which are mainly composed of metal d-orbitals. The relatively slow ISC is therefore induced by weak spin-orbit interactions with nearby triplet MLCT states with small d-orbital contribution. In PtPOP, among all low-lying triplet states, SO interaction is allowed only for the 3 E u LMCT state. This interaction is expected to be relatively weak due to the small Pt d-orbital contribution in the underlying molecular orbitals. However, DFT and quantum mechanical SO overlap calculations for the excited-state geometry need to be performed in order to quantify this. In general, we can conclude that the large variability of values of the ISC rate among metal-based molecular complexes can be rationalized by considering the structural and energetic constraints that affect the rate in spite of very large SO coupling constants in all cases. The present study shows that this can be generalized to ISC involving ligandfield and LMCT states.
We believe that the wave packet dynamics observed in PtPOP is a general phenomenon for binuclear d 8 -d
8 complexes excited to the 1 A 2u state. However, changes in the metal atoms and/or ligands are expected to have a large impact on ultrafast relaxation steps, such as the wave packet oscillation frequency and the rates of vibrational cooling and ISC and the accompanying structural distortions. With the combined approach of femtosecond optical and X-ray techniques, 53 it would be possible to fully map out the electronic and structural changes during the relaxation.
